Ribotyping of Salmonella serotype Typhimurium strains was optimised as a tool for epidemiological and phylogenetic purposes. Of five restriction endonucleases evaluated on a series of 84 isolates, HincII, San and PvuII were the most useful, generating 13, 9 and 9 ribotypes with 17, 11 and 18 polymorphic restriction sites, and attaining a discrimination index (DI) of 0.81, 0.53 and 0.59, respectively. The combination of results from tests with the three enzymes provided further discrimination (19 ribotypes, DI = 0.84). It proved useful for clonal analysis, defining 19 clonal lines with a remarkable degree of genetic heterogeneity, that were grouped into two major clusters (including 12 and 7 lines, respectively) at a significance level of 0.65. When the attributes of this system were compared with those of phage typing, it was found that ribotyping showed higher typability and sensitivity, supporting its use as an appropriate molecular method. In tracing the molecular epidemiology of Typhimurium strains in Asturias, six lines were found that could be considered endemic and were represented by organisms implicated in salmonellosis throughout the period of study; another four lines included organisms isolated from meat, water or both.
Introduction
Salmonella enterica serotype Typhimurium (S. typhimurium) is associated with a wide variety of clinical manifestations [ 11, characterised by a wide dissemination among human and non-human sources; it is an important cause of food-borne infection in developed countries [2] . At the Spanish Reference Laboratory of Salmonella and Shigella, Typhimurium is second only to Enteritidis but its frequency has increased over the last few years, from 353 strains (13% of serotyped salmonellas) in 1988 to 1160 (25.1%) in 1994; it is also isolated more frequently than Enteritidis from nonavian meats [3, 41 . At the Principality of Asturias Public Health Laboratory (APHL, acting as Salmonella Asturian Reference Centre since 1990), during the period 1990-94, a total of 496 Typhimurium isolates (26% of salmonellas serotyped) was processed, associated with 469 human sporadic episodes and six outbreaks.
Epidemic strains of Typhimurium have been traced mainly by phage typing, although other phenotypic and molecular methods have provided useful epidemiological markers [ 5 -lo] , including ribotyping by the analysis of restriction fragment length polymorphisms for highly conserved rRNA genes and associated sequences (rDNA region) [ l l , 121. In the present study, an optimisation of the ribotyping procedure was attempted by the evaluation of five restriction endonucleases (REs) on a series of Typhimurium strains. A three-way ribotyping scheme (with HincII, SalI and PvuII) is proposed as a molecular method, and its value was tested both in terms of application to phylogenetics and the epidemiological surveillance of serotype Typhimurium.
Materials and methods

Bacterial strains and plasmids
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Reference strains were from: BC, Bayer A.G., Research Centre, Wuppertal, Germany; ATCC American Type Culture Collection. Strains are listed in order according to their ribotypes (RTs) beginning with HincII. UT, phage untypable by the scheme of Anderson et ul. [15] . *Number of isolates tested (in parentheses) if >1. ?Outbreak. $Treated sewage water. sporadic episodes of acute enteritis; 12 from sporadic episodes of extra-intestinal infection; and 18 faecal isolates from six different food-borne outbreaks. All 72 isolates came from persons requiring treatment in Asturian Hospitals during the period 1984-94. In addition, there were three isolates from pork meat implicated in one of the outbreaks, three from drinking water and six from treated sewage water. Four Typhimurium strains from other collections were used as reference strains (Table 1) ; one strain (93/92) of Enteritidis belonging to the prevalent clonal line in the Principality of Asturias [13] was used as an outgroup strain.
Plasmid pKK3535, which carries the rrnB operon from Escherichia coli cloned in the BamHI site of pBR322 [14] , was used as the source of probe DNA. The probe was a 7.5-kb BamHI fragment labelled with 1 1 -d-UDP-digoxigenin according to the instructions of the kit manufacturer (Boehringer-Mannheim).
Serotyping and phage typing
Serotyping of strains was performed by slide-agglutination tests with commercial somatic (0) and flagellar (H) antisera (Sanofi Diagnostic Pasteur, France) and they were confirmed as belonging to serotype Typhimurium (4, 
Ribotyping
Chromosomal DNA was obtained and purified by an SDS-phenol isolation method [ 161. Samples were cleaved with REs and tested by Southern blot hybridisation, performed as described previously [ 17, 181 with a non-radioactive DNA labelling and detection kit (Boehringer-Mannheim). In the analysis of each RE, isolates representing the different banding patterns were tested at least three times to evaluate the reproducibility of the method. The patterns of bands containing rRNA gene sequences were designated ribotypes. The polymorphic restriction sites (PRS) were deduced by the presence or absence of bands among the total ribotypes from each RE as described before [18, 191. Strains showing identical ribotypes after testing with HincII, SalI and PvuII, were ascribed to the same clonal line.
Statistical analysis
The discrimination index (DI), the probability that two unrelated strains sampled from the population would be placed into different typing groups, was calculated by Simpson's index of diversity [20] .
For phylogenetic analysis, the totality of the ribotypes generated with each of the enzymes HincII, SalI and PvuII was first analysed; then the combined data from all three REs were processed as described earlier [ 181. Thus, clustering analysis between combined ribotypes was carried out by Jaccard's distance coefficient (D) and the unweighted pair group method with arithmetic averages (UPGMA) in the software Programme MVSP (Multivariate Statistics Package, 2.0a).
Results
Y,lue of $ve restriction endonucleases in ribotyping Typhimurium
A total of 84 Asturian isolates of Typhimurium and four reference strains was analysed by ribotyping. Total genomic DNA from each was separately cleaved with five REs: HinclI, SalI, PvuII, EcoRI and BglI, and the different results in rDNA restriction patterns were observed for each. Data from the ribotyping of organisms associated with six outbreaks showed that, in all cases, the isolates from each outbreak yielded identical ribotypes with the five REs, allowing them to be considered as six different strains. Thus, the 84 Asturian Typhimurium isolates were grouped into 68 strains, as listed in Table 1 . All strains could be typed, and with each RE one ribotype was clearly more frequent than the others. For the remaining stages of the present study, results with EcoRI and BglI were discarded, as they were not considered sufficient for meaningful discrimination or of value as a typing tool: EcoRI generated only three ribotypes (represented by 63, 8 and 1 strains, respectively) and showed a very low discriminatory power; BgZ I was discarded because it frequently generated partial digestions and its banding patterns were also difficult to interpret, due to the close situation of fragments in the region 3.5-2.5 kb.
With HincIT, strains were discriminated into 13 ribotypes (labelled H1 -H 13) including 13 -16 fragments of small size (6.5-0.5 kb). When the ribotypes were compared, six fragments common to all were found, and the analysis of the uncommon fragments led us to establish 17 PRS (Fig. 1) . With SalI, nine ribotypes (S 1 -S9) were generated, with 1 1 -15 fragments (sizes 23-2 kb), seven common fragments and 11 PRS (Fig. 2) . With PvuII, nine ribotypes (P1 -P9) including 13-15 fragments (sizes 14.2-1.7 kb), six common fragments, and 18 PRS were obtained (Fig. 3) . The banding patterns yielded with each of the REs in Typhimurium strains were very similar to one another and, albeit with a lower number of common fragments, to Enteritidis ribotypes (Figs 1-3 ).
The Typhimurium strains, shown in Table 1 , were used to evaluate the discriminatory power of the method with each of three chosen REs, by means of two parameters: number of ribotypes generated and calculation of a discrimination index (DI), which 84. These data allowed us to propose and to evaluate as a molecular tool a three-way ribotyping scheme with HincII, SalI and PvuII, because it yielded the highest discrimination. The 19 CRTs were considered as clonal lines (labelled I-XIX.). 'The distribution of strains into lines is also shown (Fig. 4) . The most frequent was line I (34.72%), represented by 24 Asturian strains and the reference strain labelled 247/94, a clinical isolate that had caused septicaemia in a hospitalised patient from another Spanish city (Burgos). Fifteen lines (11-XVI) were represented by Asturian strains only, the other three lines (XVII-XIX) by each of the other reference strains: Typhimurium LT2, ATCC 14028 and 25268, a highly virulent clinical isolate from Germany [2 11 . Enteritidis strain 93/92 was ascribed to line XX.
Correlation between the three-way ribotyping scheme and phage typing
The results obtained from the three-way ribotyping scheme were compared with phage-typing results [ 
151.
Whereas all strains could be ribotyped, 20 (of 66) phage-typed strains were phage uri typable (UT). Strains grouped in the two most frequent phage types were divided by ribotyping: 16 strains of PT104 into clonal lines I, 111, V, IX and 14 strains of PT193 into clonal lines 11, V, X, XV and XVI. Three strains of PT23 were ascribed to line X, and three strains of PT96 to line VIII. On the other hand, it is noteworthy that the most frequent line (I) included only strains of PT104 or that were UT; the second most frequent line (11) included strains of PTs 193 and 120 only. 
Clonal analysis of Typhimurium by the three-way ribotyping scheme
With the data from the analysis of the fragments generated by HincII, SaZI and PvuII, an index of similarity between clonal lines was calculated and a dendrogram (Fig. 4) 
Discussion
The evaluation of a typing system for epidemiological purposes should have established a series of attributes including: stability, typability, reproducibility, sensitivity or discriminatory power [ 11, 221. Three features of the three-way ribotyping scheme reached 100% (stability, typability and reproducibility). With respect to sensitivity, the series under study was differentiated into 19 groupings or clonal lines with a DI = 0.84, which is less than that (DI > 0.95) proposed as optimum by Hunter and Gaston [20] ; however, if the limited size of the present series and the limited geographic region from which it was collected are taken into account, a DI of 0.84 may be considered satisfactory.
Ribotyping may be considered the universal eubacterial genetic typing method, because it uses common probes as well as available equipment, reagents and supplies. However, for different Salmonella serotypes, different REs have been found to be most useful in producing interpretable ribotypes [6, 9, 23 , 241 and the present study identified HincII alone, or in combination with SaZI and PvuII, as the most useful RE in subtyping Typhimurium. H i n d ribotyping of xx   H1 S1 P1  H2 S1 P1  H3 S1 P1  H4 S1 P1  H4 S1 P4  H11 S7 P1   H3 S1 P2  H3 S2 P2  H3 S8 P2  H3 S2 Typhimurium has been reported by Nastasi et al. [6] ; when results from that and the present series were compared, ribotypes numbered 8, 5, 1-14, 6, 2 and 16 found by Nastasi et aZ. [6] among Italian isolates seemed identical or very similar to ribotypes H1, H3, H4, H7, H13 and HI 1, respectively, among Asturian strains. It should be pointed out, however, that the rates of the most frequent ribotypes in the two series were different.
It is noteworthy that the three REs generated some very well differentiated uncommon fragments in the rDNA banding patterns and in some cases would enable the deduction of possible genetic changes undergone, and so appear to offer a good tool for phylogenetic analysis, which could be used together with other markers, as previously described [7, 91 . It must also be emphasised that HincII recognised ambiguous DNA sequences (GT(T/C)I(A/G)AC) that included the SaZI recognition sequence (GITCGAC) as a subsequence. This implies that the ribotypes generated with HincII include fragments of a smaller size than SaZI-ribotypes and that the patterns from both REs are very different. The differences were also translated into the number of ribotypes and in the distribution of the strains generated by each RE.
A comparison between phage-typing and the three-way ribotyping scheme revealed a higher typability and sensitivity associated with the latter and also revealed some relationships. The most frequent clonal lines included only strains of the most frequent PTs or strains that were phage untypable. However, the most frequent PTs (104 and 193) could be differentiated into four and five lines, respectively. It should also be noted that three PT96 strains analysed (isolated in different years) were the only ones that were ascribed to line VIII. In this sense, all the data presented support ribotyping as both a complementary and alternative tool to phage typing for epidemiological studies.
Data from HincII, SaZI and PvuII ribotyping were used to elucidate the genetic relationships found among the clonal lines of Typhimurium, as well as for an approach to its molecular epidemiology in the Principality of Asturias, Spain. The results enabled the detection of genotypic differences that provided the differentiation of clinical organisms into 14 clonal lines showing a high degree of genetic heterogeneity. It should be noted that 59.71% of the Asturian strains belonged to the three most frequent lines (I, 11 and VII), which may be considered to be closely related and, differing only in their HincII ribotypes, fall into cluster A. Organisms ascribed to these lines may be considered as highly ubiquitous, because they were collected from clinical, food and water samples in different Asturian geographic areas, in different years and were associated with both sporadic episodes of salmonellosis and five outbreaks. Line I also included four strains isolated from treated sewage water, data supporting its capacity for survival in that environment. The fourth and fifth most frequent lines (V and X with 8.82 and 7.35% of Asturian strains, respectively), were represented only by organisms causing sporadic episodes of salmonellosis; line V belonged to cluster A and line X to cluster B. Both lines were less related to each other, and to the three most frequent lines cited above, differing in the ribotypes generated with the three REs. The five lines cited, together with line VIII (4.41% of Asturian strains) might be considered as endemic in Asturias, because they included organisms circulating and causing human salmonellosis throughout recent years. Organisms of other lines, which appeared at a low frequency, seem to play a less important role in human illness.
All these data suggest that the proposed three-way ribotyping scheme is a useful molecular technique which may be used for different epidemiological purposes: in epidemiological surveillance in both retrospective and prospective studies; in the diagnosis and surveillance of outbreaks; in studies of the evolution of clones through time and space; and in the surveillance of pathogenic clones in natural environments. It may also be useful at the level of the individual patient, for the diagnosis-surveillance of bacterial translocation, just as for the surveillance of excretion of bacteria from infected patients or healthy carriers.
